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Abstrat
The latest CTEQ6.6 parton distributions, obtained by global analysis of hard sattering data in
the framework of general-mass perturbative QCD, are employed to study theoretial preditions
and their unertainties for signiant proesses at the Fermilab Tevatron and CERN Large Hadron
Collider. The previously observed inrease in predited ross setions for the standard-andle W
and Z boson prodution proesses in the general-mass sheme (ompared to those in the zero-mass
sheme) is further investigated and quantied. A novel method to onstrain PDF unertainties
in LHC observables, by eetively exploiting PDF-indued orrelations with benhmark standard
model ross setions, is presented. Using this method, we show that the tt¯ ross setion an
potentially serve as a standard andle observable for the LHC proesses dominated by initial-state
gluon sattering. Among other benets, preise measurements of tt¯ ross setions would redue
PDF unertainties in preditions for single-top quark and Higgs boson prodution in the standard
model and minimal supersymmetri standard model.
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1. INTRODUCTION
Parton distribution funtions (PDFs) are essential inputs required to make theoretial
preditions for the CERN Large Hadron Collider (LHC) and other hadron sattering faili-
ties. They are extrated from a omprehensive global analysis of hard-sattering data from
a variety of xed-target and ollider experiments in the framework of perturbative QCD.
Experimental groups envision an ambitious program to tightly onstrain PDF degrees of
freedom using the upoming LHC data. Suh onstraints will not be feasible in the early
runs of the LHC, when experimental systemati errors will typially be large, and the ollider
luminosity itself will not be known to better than 10− 20%. Thus the experiments plan to
perform real-time monitoring of the ollider luminosity through the measurement of benh-
mark standard model ross setions, notably those for prodution of massive eletroweak
bosons [14℄. These ross setions are large and an be measured fairly preisely soon after
the LHC turn-on. To realize this goal, as well as to arry out the general physis program of
the LHC, it is important, on one hand, to systematially explore the dependene of W , Z,
and other standard andle ross setions on the PDFs and other aspets of QCD theory;
and, on the other hand, to establish and exploit orrelations with these observables arising
from the dependene on the universal parton distributions. These tasks must be arried out
using the most up-to-date PDFs, with quantitative estimates of their unertainties.
In a series of reent papers [57℄, we have extended the onventional CTEQ global PDF
analysis [8, 9℄ to inorporate a omprehensive treatment of heavy-quark eets and to in-
lude the most reent experimental data. The PDFs onstruted in those studies onsist
of (i) the base set CTEQ6.5M, together with 40 eigenvetor sets along 20 orthonormal di-
retions in the parton parameter spae [5℄; (ii) several PDF sets CTEQ6.5Sn (n=-2,...4),
designed to probe the strangeness degrees of freedom under the assumption of symmetri or
asymmetri strange sea [6℄; and (iii) several sets CTEQ6.5XCn (n=0...6) for a study of the
harm setor of the parton parameter spae, in partiular, the allowed range of independent
nonperturbative (intrinsi) harm partons in several possible models [7℄. Some prominent
physial onsequenes of these new PDFs ompared to previous PDFs, partiularly for W
and Z prodution ross setions at hadron olliders, were pointed out in these papers.
The urrent paper pursues a more detailed exploration of the physial impliations of our
new generation of PDFs, partiularly at the LHC. In the proess of this detailed study, we
found it desirable to expand and improve the CTEQ6.5 analysis on several fronts. All new
results presented in this paper are based on these improved PDFs, whih we designate as
CTEQ6.6.
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They will be desribed in Se. 3.
We make a systemati eort to address the quantitative hallenges desribed in the rst
paragraph of this introdution. We study the impat of the new PDFs on the predited
ross setions for important physial proesses at the LHC, with their assoiated uner-
tainty ranges. The PDF unertainties in future measurements may behave at odds with
initial intuitions beause of rih onnetions between PDFs of dierent avors and in dif-
ferent kinematial ranges arising from (a) physial symmetries, suh as sale invariane and
parton sum rules, and (b) experimental onstraints. In some ases, notably in Z boson
prodution at the LHC, the largest PDF unertainty arises from less-onstrained subleading
1
The CTEQ6.6 PDFs represent improvements over their ounterparts in CTEQ6.5, while preserving the
same physis inputs. Therefore we reommend that CTEQ6.6 be the preferred PDFs to use in future
phenomenology studies.
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sattering hannels rather than from the well-known dominant subproesses. In order to
aess suh rih interonnetions eiently and ompletely, we introdue in Se. 2 a quan-
titative measure of orrelations existing between the PDFs and physial observables. The
orrelation analysis extends the Hessian method [8, 10℄ to investigate pairwise relations be-
tween ollider observables. This analysis is employed in Se. 4 as a tool to enhane the power
of ertain ruial phenomenologial preditions, notably forW and Z boson prodution ross
setions, and to examine the role of tt¯ prodution as an additional standard andle proess.
At the end of Se. 4, we apply the gained knowledge to identify the main soures of PDF
unertainty in single-top prodution and in several proesses for Higgs boson prodution in
the standard model (SM) and minimal supersymmetri standard model (MSSM).
2. CORRELATIONS DUE TO PDFS
In many appliations, it is instrutive to establish whether a ollider observable shares
ommon degrees of freedom with preisely measured SM ross setions through the nonper-
turbative PDF parametrizations, a feature that an be exploited to predit the observable
more reliably. In Setion 4, we will explore suh PDF-indued orrelations between inter-
esting ollider ross setions. But rst we will dene the relevant theoretial framework.
LetX be a variable that depends on the PDFs. It an be any one of the physial quantities
of interest, or even a PDF itself at some given (x, µ). We onsider X as a funtion of the
parameters {ai} that dene the PDFs at the initial sale µ0. Thus we have X(~a), where ~a
forms a vetor in an N-dimensional PDF parameter spae, with N being the number of free
parameters in the global analysis that determines these PDFs. In the Hessian formalism for
the unertainty analysis developed in [10℄ and used in all of our reent work, this parton
parameter spae is spanned by a set of orthonormal eigenvetors obtained by a self-onsistent
iterative proedure [5, 8℄.
If ~a0 represents the best t obtained with a given set of theoretial and experimental
inputs, the variation of X(~a) for parton parameters ~a in the neighborhood of ~a0 is given,
within the Hessian approximation, by a linear formula
∆X(~a) = X(~a)−X(~a0) = ~∇X|~a0 ·∆~a, (1)
where
~∇X is the gradient of X(~a), and ∆~a = ~a−~a0. As explained in detail in Refs. [5, 8, 10℄,
the unertainty range of the PDFs in our global analysis is haraterized by a tolerane fator
T , equal to the radius of a hypersphere spanned by maximal allowed displaements ∆~a in the
orthonormal PDF parameter representation. T is determined by the riterion that all PDFs
within this tolerane hypersphere should be onsistent with the input experimental data sets
within roughly 90% .l. The detailed disussions and the spei iterative proedure used
to onstrut the eigenvetors an be found in Refs. [5, 8, 10℄.
In pratie, the results of our unertainty analysis are haraterized by 2N sets of pub-
lished eigenvetor PDF sets along with the entral t. We have 2 PDF sets for eah of the
N eigenvetors, along the (±) diretions respetively, at the distane |∆~a| = T . The i-th
omponent of the gradient vetor
~∇X may be approximated by
∂X
∂ai
≡ ∂iX = 1
2
(X
(+)
i −X(−)i ), (2)
where X
(+)
i and X
(−)
i are the values of X omputed from the two sets of PDFs along the (±)
diretion of the i-th eigenvetor. The unertainty of the quantity X due to its dependene
4
δX
δY
δX
δY
δX
δY
cosϕ ≈ 1 cosϕ ≈ 0 cosϕ ≈ −1
Figure 1: Dependene on the orrelation ellipse formed in the δX − δY plane on the value of cosϕ.
on the PDFs is then dened as
∆X =
∣∣∣~∇X∣∣∣ = 1
2
√√√√ N∑
i=1
(
X
(+)
i −X(−)i
)2
, (3)
where for simpliity we assume that the positive and negative errors on X are the same.2
We may extend the unertainty analysis to dene a orrelation between the unertainties
of two variables, say X(~a) and Y (~a).We onsider the projetion of the tolerane hypersphere
onto a irle of radius 1 in the plane of the gradients
~∇X and ~∇Y in the parton parameter
spae [10, 11℄. The irle maps onto an ellipse in the XY plane. This tolerane ellipse is
desribed by Lissajous-style parametri equations,
X = X0 +∆X cos θ, (4)
Y = Y0 +∆Y cos(θ + ϕ), (5)
where the parameter θ varies between 0 and 2π, X0 ≡ X(~a0), and Y0 ≡ Y (~a0). ∆X and ∆Y
are the maximal variations δX ≡ X −X0 and δY ≡ Y − Y0 evaluated aording to Eq. (3),
and ϕ is the angle between ~∇X and ~∇Y in the {ai} spae, with
cosϕ =
~∇X · ~∇Y
∆X∆Y
=
1
4∆X ∆Y
N∑
i=1
(
X
(+)
i −X(−)i
)(
Y
(+)
i − Y (−)i
)
. (6)
The quantity cosϕ haraterizes whether the PDF degrees of freedom of X and Y are
orrelated (cosϕ ≈ 1), anti-orrelated (cosϕ ≈ −1), or unorrelated (cosϕ ≈ 0). If units
for X and Y are resaled so that ∆X = ∆Y (e.g., ∆X = ∆Y = 1), the semimajor axis of
the tolerane ellipse is direted at an angle π/4 (or 3π/4) with respet to the ∆X axis for
cosϕ > 0 (or cosϕ < 0). In these units, the ellipse redues to a line for cosϕ = ±1 and
2
A more detailed equation for ∆X aounts for dierenes between the positive and negative errors [9, 11℄.
It is used for tt¯ ross setions in Table 2 and Fig. 12.
5
beomes a irle for cosϕ = 0, as illustrated by Fig. 1. These properties an be found by
diagonalizing the equation for the orrelation ellipse,(
δX
∆X
)2
+
(
δY
∆Y
)2
− 2
(
δX
∆X
)(
δY
∆Y
)
cosϕ = sin2 ϕ. (7)
A magnitude of | cosϕ| lose to unity suggests that a preise measurement ofX (onstrain-
ing δX to be along the dashed line in Fig. 1) is likely to onstrain tangibly the unertainty
δY in Y , as the value of Y shall lie within the needle-shaped error ellipse. Conversely,
cosϕ ≈ 0 implies that the measurement of X is not likely to onstrain δY strongly.3
The parameters of the orrelation ellipse are suient to dedue, under onventional
approximations, a Gaussian probability distribution P (X, Y |CTEQ6.6) for nding ertain
values of X and Y based on the pre-LHC data sets inluded in the CTEQ6.6 analysis. If
the LHC measures X and Y nearly independently of the PDF model, a new ondene
region for X and Y satisfying both the CTEQ6.6 and LHC onstraints an be determined
by ombining the prior probability P (X, Y |CTEQ6.6) with the new probability distribution
P (X, Y |LHC) provided by the LHC measurement. For this purpose, it sues to onstrut
a probability distribution
P (X, Y |CTEQ6.6+LHC) = P (X, Y |CTEQ6.6)P (X, Y |LHC), (8)
whih establishes the ombined CTEQ6.6+LHC ondene region without repeating the
global t.
The values of ∆X, ∆Y, and cosϕ are also suient to estimate the PDF unertainty of
any funtion f(X, Y ) of X and Y by relating the gradient of f(X, Y ) to ∂Xf ≡ ∂f/∂X and
∂Y f ≡ ∂f/∂Y via the hain rule:
∆f =
∣∣∣~∇f ∣∣∣ =√(∆X ∂Xf )2 + 2∆X ∆Y cosϕ ∂Xf ∂Y f + (∆Y ∂Y f)2. (9)
Of partiular interest is the ase of a rational funtion f(X, Y ) = Xm/Y n, pertinent to
omputations of various ross setion ratios, ross setion asymmetries, and statistial sig-
niane for nding signal events over bakground proesses [11℄. For rational funtions
Eq. (9) takes the form
∆f
f0
=
√(
m
∆X
X0
)2
− 2mn∆X
X0
∆Y
Y0
cosϕ +
(
n
∆Y
Y0
)2
. (10)
For example, onsider a simple ratio, f = X/Y . Then ∆f/f0 is suppressed (∆f/f0 ≈
|∆X/X0 −∆Y/Y0|) if X and Y are strongly orrelated, and it is enhaned (∆f/f0 ≈
∆X/X0 +∆Y/Y0) if X and Y are strongly antiorrelated.
As would be true for any estimate provided by the Hessian method, the orrelation angle
is inherently approximate. Eq. (6) is derived under a number of simplifying assumptions,
notably in the quadrati approximation for the χ2 funtion within the tolerane hypersphere,
and by using a symmetri nite-dierene formula (2) for {∂iX} that may fail if X is not
3
The allowed range of δY/∆Y for a given δ ≡ δX/∆X is r(−)
Y
≤ δY/∆Y ≤ r(+)
Y
, where r
(±)
Y
≡ δ cosϕ ±√
1− δ2 sinϕ.
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monotoni. With these limitations in mind, we nd the orrelation angle to be a onvenient
measure of interdependene between quantities of diverse nature, suh as physial ross
setions and parton distributions themselves. For ollider appliations, the orrelations
between measured ross setions for ruial SM and beyond SM proesses will be of primary
interest, as we shall illustrate in Se. 4. As a rst example however, we shall present some
representative results on orrelations between the PDFs in the next setion.
3. OVERVIEW OF CTEQ6.6 PDFS
A. CTEQ6.6 versus CTEQ6.1
The CTEQ6.5 PDFs [57℄ and their improved version CTEQ6.6 presented here are based
on a new implementation of heavy-quark mass eets in perturbative QCD ross setions,
realized in the ACOT general-mass (GM) variable number sheme [12, 13℄ and supplemented
by a unied treatment of both kinematial and dynamial eets aording to the modern
SACOT [12, 14℄ and ACOT-χ [15℄ onepts. This improvement leads to signiant hanges
in some key preditions ompared to the ordinary zero-mass (ZM) sheme. The quality of
the global analysis is further enhaned by to the inlusion of newer data sets, replaement
of struture funtions F2(x,Q) and F3(x,Q) by the diretly measured ross setions in H1
and ZEUS deep-inelasti sattering (DIS) data sets, relaxation of ad ho onstraints on the
parametrization of strange quark PDFs, and improvements in the global tting proedure.
The CTEQ6.6 PDF set inludes four additional PDF eigenvetors to aommodate the
free strangeness parametrization, as desribed below. It is also in a better agreement with
HERA harm prodution ross setions than CTEQ6.5. The publi distributions, available
at the LHAPDF depository [16℄, inlude a entral PDF set, denoted as CTEQ6.6M, and 44
eigenvetor sets that span the range of unertainties in the parton parameter spae due to
input experimental errors.
We illustrate the impat of the improved treatment of heavy-quark sattering by ompar-
ing preditions made using the CTEQ6.6 PDFs (realized in the GM sheme) and zero-mass
CTEQ6.1 PDFs [9℄ (realized in the ZM sheme). All of the ross setions in our global anal-
ysis are alulated at next-to-leading order (NLO) in perturbative QCD. Figures showing
omparison of CTEQ6.6 and CTEQ6.1 for various PDF avors are olleted at [17℄. Sine
these gures are rather similar to their ounterparts omparing the CTEQ6.5 and CTEQ6.1
PDFs [5℄, we do not reprodue them in this paper, exept for the strangeness and harm
PDFs.
Inorporation of the full heavy-quark mass eets in the general-mass formalism leads
to the suppression of heavy-avor ontributions to the DIS struture funtions Fλ(x,Q)
ompared to the zero-mass formalism. For neutral-urrent Fλ(x,Q), whih dominate the
global analysis, the suppressions our in (a) the avor-exitation partoni proesses with
inoming c and b quarks, through the resaling of the light-one momentum fration variable;
and (b) the light-avor sattering proesses involving expliit avor reation (suh as the
gluon-photon fusion), through the mass dependene in the partoni ross setion (Wilson
oeient) [5, 15℄. Sine the theoretial alulations in the global t must agree with the
extensive DIS data at low and moderate Q, the redution in c, b, and g ontributions in
the GM NLO t must be ompensated by larger magnitudes of light quark and antiquark
ontributions. One therefore expets to see an inrease in the light-quark PDFs extrated
from CTEQ6.6 ompared to those from CTEQ6.1 analyses in the appropriate (x,Q) region.
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Figure 2: CTEQ6.6 PDF unertainty bands (green shaded area) and CTEQ6.1M PDF (red solid
line) for s = s¯ at fatorization sales µ = 3.16 and 100 GeV.
The most onsequential dierenes between CTEQ6.6 and CTEQ6.1 PDFs for u and d
quarks our at x . 10−3, f. Ref. [17℄. They an substantially aet preditions for quark-
indued proesses at the LHC, making the predited ross setions larger by several perent
(6-7% in W , Z prodution), as will be disussed in more detail in Se. 4.
As a new feature, the CTEQ6.6 analysis allows the shape of strange quark distributions
to be independent from the non-strange sea distributions. We no longer impose the familiar
ansatz s(x, µ0) ∝ u¯(x, µ0)+ d¯(x, µ0), beause the inluded dimuon DIS data (νA→ µ+µ−X)
[18℄ probes the strange quark distributions via the underlying proess sW → c, making
the above ansatz unneessary. However, as shown in Ref. [6℄, the existing experimental
onstraints on the strange PDFs remain relatively weak and have power to determine at most
two new degrees of freedom assoiated with the strangeness in the limited range x > 10−2.
Thus in the CTEQ6.6 analysis we add two new free parameters haraterizing the strange
PDFs.
4
We ontinue to assume s(x) = s¯(x) in these ts, sine the urrent data do not plae
statistially signiant onstraints on the dierene between s(x) and s¯(x) [6℄.
At x . 10−2, the available data probes mostly a ombination (4/9) [u(x) + u¯(x)] +
(1/9)
[
d(x) + d¯(x) + s(x) + s¯(x)
]
aessible in neutral-urrent DIS, but not the detailed
avor omposition of the quark sea. The shape of s(x, µ0) at very small x an vary
over a large range, aompanied by orresponding adjustments in the other sea quark
avors. In other words, the strangeness to non-strangeness ratio at small x, Rs =
limx→0
[
s(x, µ0)/
(
u¯(x, µ0) + d¯(x, µ0)
)]
, is entirely unonstrained by the data. But, on gen-
eral physis grounds, one would expet this ratio to be of order 1 (or, arguably, a bit smaller).
4
Assignment of more than two free strangeness parameters does not tangibly improve the quality of the t
and reates undesirable at diretions in the Hessian eigenvetor spae [6℄.
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Figure 3: CTEQ6.6 PDF unertainty band for c = c¯ with radiatively generated harm only (green
shaded area) and PDFs with intrinsi harm: BHPS form with moderate (long-dashed) and strong
(long-dash-dotted) IC; sea-like form with moderate (short-dashed) and strong (short-dash-dotted)
IC. The red solid line is for the CTEQ6.1M PDF. A fatorization sale µ = 100 GeV is assumed.
Thus, in the urrent CTEQ6.6 analysis, we adopt a parametrization for the strange PDF of
the form s(x, µ0) = A0 x
A1 (1− x)A2P (x), where A1 is set equal to the analogous parameter
of u¯ and d¯ based on Regge onsiderations. A smooth funtion P (x) (of a xed form for
all 45 CTEQ6.6 PDF sets) is hosen to ensure that the ratio Rs stays within a reasonable
range. There is onsiderable freedom in the hoie of P (x); and that is a part of the theo-
retial unertainty assoiated with any parametrization of the initial PDFs.
5
Fig. 2 shows
the CTEQ6.6 unertainty bands of s¯(x, µ) at two values of µ, along with the orresponding
CTEQ6.1M PDFs. The values of Rs for the 44 eigenvetor sets in this PDF series span 0.63
- 1.15.
Sine the PDFs are de fato used for ultra-high energy and astrophysis appliations at
x < 10−5, the CTEQ6.6 PDFs are tabulated down to x = 10−8 to provide numerially stable
PDF values obtained by QCD evolution from parametrized initial parton distributions in
this extreme x region. At the initial sale µ0, the PDFs are extrapolated into the region
x < 10−5, not overed by the tted data, by a Regge-like funtional form proportional to
xa, where the negative parameter a is found from the t at x > 10−5. At larger µ sales,
the PDFs are predited from the initial ondition at µ = µ0 based on the NLO DGLAP
evolution. No extra dynamial eets that may be signiant at small x are inluded in this
parametrization.
5
The theoretial unertainty assoiated with the small-x quark avor omposition is generally larger than
the Hessian unertainty bands due to propagation of experimental errors for a given P (x).
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B. Fits with nonperturbative harm
In the general-purpose CTEQ6.6 PDFs, we assume there is no nonperturbative intrinsi
harm (IC), so that c(x, µ0) = c¯(x, µ0) = 0 at the initial evolution sale µ0 = mc = 1.3GeV.
To failitate studies of the eet of possible IC, we have also reated ts in whih various
amounts of IC (with c = c¯) are assumed. These ts amount to updated versions of the light-
one motivated (BHPS [19℄) and the sea-like models for the shape of the input harm PDF
disussed in [7℄. For eah IC model, we provide two PDF parameterizations with moderate
and strong IC ontributions, orresponding to harm quarks arrying 1% and 3.5% of the
parent nuleon's momentum at µ = mc, respetively. Figure 3 shows that the assumption of
IC an substantially inrease the amount of c = c¯ at fatorization sales as large as 100GeV.
C. Correlations
As mentioned before, orrelations an be omputed for any variables, inluding the PDFs
themselves. The x and µ dependene of the PDF-PDF orrelations provides broad insights
about theoretial and experimental onstraints aeting physial ross setions. To explore
this dependene, we present ontour plots of the orrelation osine cosϕ for pairs of PDFs
fa1(x1, µ1) and fa2(x2, µ2) at sales µ1,2 = 2 and 85 GeV, plotted as a funtion of momentum
frations x1 and x2. A few suh plots relevant for the ensuing disussion are shown in Fig. 4.
A omplete set of the ontour plots in olor and graysale versions is available at [20℄.
Light (dark) shades of the gray olor in Fig. 4 orrespond to magnitudes of cosϕ lose to 1
(-1), as indiated by the legend. Several interesting patterns of the PDF orrelations an be
generally observed. First, onsider self-orrelations, in whih the orrelation osine is formed
between two values of the same PDF (a1 = a2, µ1 = µ2) evaluated at momentum frations
x1 and x2. The examples inlude the u−u, g−g, and c−c orrelations at µ1 = µ2 = 85 GeV
shown in Figs. 4(a)-().
Eah self-orrelation plot inludes a trivial orrelation, cosϕ ≈ 1, ourring when x1 and
x2 are about the same. This orrelation ours in light-olored areas along the x1 = x2
diagonals in Figs. 4(a)-(), of the shape that depends on the avor of the PDF and the
assoiated µ sale.
In the ase of an up quark [Fig. 4(a)℄, the trivial orrelation is the only pronouned pattern
visible in the ontour plot. The gluon PDF [Fig. 4(b)℄ and related c, b PDFs [Fig. 4()℄ show
an additional strong anti-orrelation in the viinity of (x1, x2) ≈ (0.2, 0.01) arising as a
onsequene of the momentum sum rule. Important impliations of this antiorrelation will
be disussed in Setion 4.
The gluon-strangeness orrelation in Fig. 4(d) illustrates some typial patterns enoun-
tered in the ase of sea partons. The gluons show a orrelated behavior with strange quarks
(and generally, sea quarks) at x < 10−4−10−3 as a reetion of the singlet evolution (a light
area in the lower left orner). The gluon PDF is antiorrelated with the strangeness PDF at
x1 ∼ 0.1, x2 < 0.01 beause of the momentum sum rule (a dark area at the bottom). This
antiorrelation signiantly aets preditions forW and Z ross setions at the LHC. More
ompliated (and not so well-understood) patterns our at x1,2 > 0.3, where the sea-parton
behavior is less onstrained by the data. Other types of orrelation patterns, assoiated with
the sum rules, perturbative evolution, and onstraints from the experimental data, an be
observed in the full set of ontour plots [20℄.
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Figure 4: Contour plots of orrelations cosϕ between two PDFs f1(x1, µ) and f2(x2, µ) at µ =
85 GeV: (a) u− u; (b) g − g; () c− c; (d) s− g. Both axes are saled as x0.2.
4. IMPLICATIONS FOR COLLIDER EXPERIMENTS
Soon after its turn-on, the LHC will provide vast samples of data in well-understood
sattering proesses at the eletroweak sale, notably prodution of massive weak bosonsW±
and Z0. These data will failitate useful experimental alibrations as well as measurements
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of the LHC luminosity and PDFs with tentative experimental auray of about 1% [13℄.
To utilize suh measurements of standard andle ross setions most produtively, one
must understand how they onstrain PDF degrees of freedom. It is neessary to explore
how the predited ross setions hange due to improvements in the theoretial model, suh
as the transition from the zero-mass to general-mass fatorization sheme, as well as due to
the remaining freedom in the PDF parameters allowed by the data in the global t.
In this setion, we examine the quantitative onnetions between the PDFs and physial
observables by applying the orrelation analysis introdued in Setion 2. Sine only large
orrelations (or antiorrelations) will be useful for pratial purposes, we onentrate on
pairs of ross setions haraterized by large magnitudes of the orrelation osine, hosen in
this paper to be |cosϕ| > 0.7. Overall dependene on the heavy-quark sheme is explored
in Setion 4A. A foused study of total inlusive ross setions is presented for W, Z, top-
quark, and Higgs boson prodution in Setions 4B, 4C, and 4D. The total ross setions
are omputed at the next-to-leading order (NLO) in the QCD oupling strength αs, using
W boson mass MW = 80.403 GeV, Z boson mass MZ = 91.1876 GeV, and top quark mass
mt = 171 GeV.
In all alulations, both the renormalization and fatorization sales are set to be equal to
the mass of the nal-state heavy partile, unless speied otherwise. The results presented
below are representative of generi patterns observed in the PDF dependene of the studied
ross setions. They depend weakly on theoretial assumptions about the quark avor
omposition at small x disussed in Setion 3.
The LHC ollaborations intend to measure ratios of LHC ross setions to standard-
andle (espeially W and Z) ross setions. If two ross setions X and Y share ommon
systematis, both experimental and theoretial, the systemati unertainties partially anel
in the ratio r = X/Y . This anellation is espeially important in the rst year or two of
the LHC running, when the ollider luminosity will only be known to the order of 10−20%.
Eventually the LHC ratios an provide important preision tests of the Standard Model,
suh as a preise measurement of the W boson mass from the ratio of W and Z total ross
setions [2124℄.
The PDF unertainty on r is redued (∆r/r ≈ |∆X/X −∆Y/Y |) ifX and Y are strongly
orrelated, f. Eq. (10). It is enhaned (∆r/r ≈ ∆X/X +∆Y/Y ) if X and Y are strongly
antiorrelated. It is therefore beneial to onstrut the ross setion ratios from pairs of
orrelated ross setions to redue the PDF unertainties. We will examine a ratio between
the highly-orrelated W and Z total ross setions in Setion 4B3. We will also explore
the inlusive tt¯ prodution ross setion, potentially useful for building ratios when an anti-
orrelation with W and Z ross setions ours. W , Z, tt¯ total ross setion values for 45
CTEQ6.6 sets suitable for the omputation of various PDF orrelations an be downloaded
at [17℄.
Leading hannels for neutral Higgs boson (h0) prodution in the standard model [25℄ are
also investigated, inluding gluon-gluon fusion gg → h0, the dominant Higgs prodution
mehanism; vetor boson fusion qq¯ → WW → h0 (or qq¯ → ZZ → h0), a prominent
hannel employed at the LHC for both disovery and measurement of h0WW (or h0ZZ)
ouplings; and assoiated prodution of Higgs boson with a massive weak boson, qq¯ →Wh0
(qq¯ → Zh0), the leading disovery mode for Higgs masses mh < 200 GeV at the Tevatron.
In addition, Higgs prodution hannels in MSSM are onsidered: neutral CP-even or
CP-odd Higgs boson prodution via bottom-quark annihilation, bb¯ → h (h = h0, H0, A0)
[26℄; harged Higgs boson prodution via s, c, b sattering, cs¯+ cb¯→ h+ [27℄; and assoiated
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prodution qq¯′ → W → Ah± of CP-odd (A) and harged Higgs bosons [28, 29℄, with Higgs
masses related as m2h± = m
2
A +M
2
W at the Born level. The bb¯→ h and cs¯ + cb¯→ h+ ross
setions may be greatly enhaned if the ratio tanβ = vu/vd of vauum expetation values
for up- and down-type Higgs doublets is of order 10 or more, a possibility that remains
ompatible with LEP, Tevatron, and other onstraints [30℄. To be spei, we evaluate qq¯h
ouplings at the tree level and hoose eetive tan β = 50; but most of our results (presented
as ross setion ratios for dierent PDF sets and orrelation osines) are independent of the
tan β value.
Supersymmetri neutral Higgs prodution bb¯ → h is sensitive largely to b(x, µ) and
g(x, µ), while harged Higgs prodution probes a ombination of s(x, µ), c(x, µ), and b(x, µ).
Long-distane hadroni funtions entering these proesses require a general-mass sheme
approah [6, 7, 31, 32℄. In hard-sattering inlusive ross setions, heavy-avor mass orre-
tions enter through ratios m2c,b/p
2
i and are suppressed at large momentum sales p
2
i ≫ m2c,b.
We therefore neglet the harm and bottom quark masses in hard-sattering matrix elements
at TeV energies, while keeping the mass eets inside the PDFs.
A. Total ross setions at the Tevatron and the LHC
To disuss ommon dierenes between the general-mass (CTEQ6.6) and zero-mass
(CTEQ6.1) preditions, we ompute several total ross setions sensitive to light-quark,
gluon, or heavy-quark sattering using the NLO programs WTTOT [33℄ and MCFM [34
36℄. Figure 5 shows several CTEQ6.6 and CTEQ6.1 total ross setions and their PDF
unertainties at the pp¯ ollider Tevatron (
√
s = 1.96 TeV) and the pp Large Hadron Collider
(
√
s = 14 TeV). They are plotted as ratios to CTEQ6.6M preditions. We do not show
preditions for the CTEQ6.5 set, as those agree with CTEQ6.6 within the unertainties.
The proesses shown in the gure for the Tevatron our at relatively large momentum
frations x, where CTEQ6.6 and CTEQ6.1 PDFs agree well. Consequently the CTEQ6.6 and
CTEQ6.1 ross setions for the Tevatron proesses oinide within the PDF unertainties,
as illustrated in Fig. 5(a). The magnitudes of the PDF unertainties also remain about the
same.
At the LHC [Fig. 5(b)℄, CTEQ6.6 ross setions for W and Z boson prodution are
enhaned by 6 − 7% ompared to CTEQ6.1 beause of the larger magnitudes of u(−)(x,Q)
and d
(−)
(x,Q) in the relevant range of x ∼ MW,Z/
√
s = 10−3 − 10−2. The CTEQ6.6 light-
quark parton luminositiesLqiq¯j(x1, x2, Q) = qi(x1, Q) q¯j(x2, Q) (and therefore CTEQ6.6 ross
setions) are larger at suh x by 2 δf ≈ 6%, where δf ≈ 3% is the typial inrease in
the GM light-quark PDFs ompared to the ZM PDFs. The Hessian PDF error obtained
by our standard 90% .l. riterion has dereased from 4.5 − 5% in CTEQ6.1 to 3.5% in
CTEQ6.6, mostly beause new DIS experimental data were inluded in the CTEQ6.6 t. The
dierenes between CTEQ6.6 and CTEQ6.1 exeed the magnitude of the NNLO orretion
to W and Z ross setions of order 2% [3740℄, indiated by a dashed line. Unertainties of
this size have important impliations for the alibration of the LHC luminosity.
Other ross setions dominated by light (anti)quark sattering at x ∼ 10−2 inrease by
omparable amounts. For example, the CTEQ6.6 ross setions for assoiated W±h or
Z0h boson prodution exeed CTEQ6.1 ross setions by 3 − 4%. In ontrast, in proesses
dominated by gluon or heavy-quark sattering, suh as tt¯ prodution or gg → h0X, the
general tendeny for the CTEQ6.6 ross setions is to be a few perent lower ompared
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Figure 5: Representative CTEQ6.6 (red boxes) and 6.1 (blue stars) total ross setions and PDF
unertainties at the Tevatron and LHC, normalized to the CTEQ6.6M ross setion. Green triangles
indiate CTEQ6.6 ross setions obtained under an assumption of a strong sea-like intrinsi harm
prodution (IC-Sea-3.5%).
to CTEQ6.1. The CTEQ6.6M cs¯ + cb¯ → h+ ross setion is enhaned with respet to
CTEQ6.1M by its larger strangeness PDF (f. Fig. 2), despite some suppression of the cb¯
ontribution to this proess. The LHC ross setions in Fig. 5(b) may hange substantially if
a fration of harm quarks is produed through the nonperturbative intrinsi mehanism.
For example, the rate for prodution sc + sb → h± of MSSM harged Higgs bosons with
mass 200 GeV would inrease by 30% if sea-like intrinsi harm ontributions arry 3.5% of
the parent nuleon's momentum, the maximal amount tolerated in the t.
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Figure 6: CTEQ6.6 NNLL-NLO W± and Z prodution ross setions in the Tevatron Run-2,
ompared with preditions for other PDF sets by (a) CTEQ and (b) other groups.
B. W and Z boson prodution ross setions
1. CTEQ6.6 vs. other PDF sets
Large groups of ollider ross setions, notably those dominated largely by quark sat-
tering or largely by gluon sattering, exhibit orrelated dependene on PDFs. Prodution
of harged W± and neutral Z0 bosons are essential quark-quark sattering proesses that
show suh orrelations.
Figs. 6 and 7 summarize preditions for the total ross setions σ ofW and Z prodution,
obtained in the NNLL-NLO resummation alulation (of order O(αs)+leading higher-order
logarithms) [4143℄ and using reent PDF sets by CTEQ [5, 8, 9, 4448℄, Alekhin/AMP
[49, 50℄, H1 [51℄, MRST/MSTW [5255℄, and ZEUS [56, 57℄ groups. We inlude deays of
the massive bosons into lepton pairs in the improved Born approximation [42, 58℄. To provide
a visual measure of the PDF unertainty, eah gure shows an error ellipse orresponding
to our usual tolerane riterion.
6
The ellipses are found from Eqs. (4) and (5), using the
parameters listed in Table 1.
At the Tevatron, the CTEQ6.6 ross setions lie lose to the CTEQ6.1 and CTEQ6.5
preditions [Fig. 6(a)℄, i.e., the dependene on the heavy-avor sheme is relatively weak in
this ase. The CTEQ6.6 ross setions agree well with preditions based on the PDF sets
by the other groups [Fig. 6(b)℄.
At the LHC, the general-mass CTEQ6.6 ross setions exeed the zero-mass CTEQ6.1
ross setions by 6− 7%, as shown in Fig. 7(a). The CTEQ6.6 and 6.5 Z0 ross setions are
6
In two-dimensional plots, this riterion orresponds to probability somewhat smaller than 90%.
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Figure 7: CTEQ6.6 NNLL-NLO W± and Z prodution ross setions in the LHC, ompared with
preditions for (a) dierent PDF sets by CTEQ and (b) other groups.
about the same. The CTEQ6.6 W± ross setion is somewhat smaller than the CTEQ6.5
ross setion and does not lie on the same line in the W − Z plane as the previous CTEQ
sets. The preditions based on the latest CTEQ6.6, MSTW'06, and AMP'06 PDFs agree
within 3% [Fig. 7(b)℄.
The total ross setions shown here are somewhat aeted by higher-order ontributions,
not inluded under the urrent NNLL-NLO approximation. A predition of absolute magni-
tudes of W and Z ross setions with auray 1% would require to simultaneously evaluate
NNLO QCD ontributions of order O(α2s) [3740℄ and NLO eletroweak ontributions of or-
der O(αsαEW ) [5967℄ for both the hard ross setions and PDFs, inluding all relevant spin
orrelations [68, 69℄. This level of auray is not yet ahieved. However, the higher-order
terms resale the NLO hard ross setions by overall fators with weak dependene on the
PDFs [39, 40℄. Therefore our NLO-NNLL total ross setions should reasonably estimate
true relative dierenes aused by the PDFs.
The NNLL-NLO ross setions for AMP'2006 and MSTW'2006 are omputed using the
NNLO PDFs, sine the NLO PDFs for these sets are not available. Suh ombination is
aeptable at the order we are working. For example, mixing of NLO-NNLL and NNLO
orders is of little onsequene in the ase of the MRST'2004 set, for whih the replaement of
the NLO PDFs by the NNLO PDFs hanges the ross setions by about 1.5%. Variations of
this magnitude are learly permissible until a more preise omputation is fully developed.
2. Correlations between W,Z ross setions and PDFs
Although strong PDF-indued orrelations between the W and Z ross setions are ob-
served at both olliders, the mehanism driving these orrelations at the LHC is not the
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same as at the Tevatron. The essential point is that, although the weak bosons are mostly
produed in u and d quark-antiquark sattering, this dominant proess may ontribute little
to the PDF unertainty beause of tight onstraints imposed on the up- and down-quark
PDFs by the DIS and Drell-Yan data.
Instead, a substantial fration of the PDF unertainty at the LHC (but not at the Teva-
tron) is ontributed by sizable, yet less onstrained, ontributions from heavy-quark (s, c,
b) sattering. Subproesses with initial-state s, c, and, to a smaller extent, b and g partons
deliver up to 20% of the NLO rate at the LHC, ompared to 2-4% at the Tevatron. All
these partons are orrelated with the gluons via DGLAP evolution, so that the LHC W
and Z ross setions are partiularly sensitive to the unertainty in the gluon PDF. Conse-
quently, W and Z ross setions at the LHC are better orrelated with proesses dominated
by gluon sattering in the omparable kinematial range and not neessarily with u and d
quark sattering, in striking ontrast to the Tevatron.
To illustrate this point, Fig. 8 shows orrelation osines (cosϕ) between the W, Z ross
setions and PDFs fa(x,Q) of dierent avors, evaluated as funtions of the momentum
fration x at Q = 85 GeV. The largest orrelations between the ross setion and PDFs our
at momentum frations x of order MW,Z/
√
s orresponding to entral rapidity prodution,
i.e., at x ∼ 0.04 at the Tevatron and 0.006 at the LHC. PDF avors with a very large
orrelation are assoiated with the major part of the PDF unertainty in the physial ross
setion. Additional onstraints on this avor would help redue the PDF unertainty.
At the Tevatron Run-2 [Figs. 8(a) and 8(b)℄, large orrelations exist with u, u¯, d, and
d¯ PDFs, with cosϕ reahing 0.95. No tangible orrelation ours with PDFs for s, c, b
(anti)quarks and gluons.
At the LHC [Figs. 8() and 8(d)℄, the largest orrelations are driven by harm, bottom,
and gluon PDFs, followed by smaller orrelations with u, d, and s quarks. The orrelation
with the u and d PDFs is redued, although not entirely eliminated. A large orrelation with
the gluon at x ∼ 0.005 is aompanied by a large anti-orrelation (cosϕ ∼ −0.8) with the
gluon at x ∼ 0.1−0.2, as a onsequene of nuleon momentum onservation (f. Setion 3C).
This feature implies that the LHC W, Z ross setions are strongly antiorrelated with
new partile prodution in gluon or heavy-quark sattering in the TeV mass range, and
moderately antiorrelated with tt¯ prodution (f. Setion 4C2).
3. Impat of strangeness
We stress that the large orrelation between the LHC Z ross setion and the gluon
distribution is generated primarily by the sizable ss¯ sattering ontribution, and not by a
smaller qg sattering ontribution. Similarly, a large orrelation in W boson prodution
is driven for the most part by the cs¯ ontribution. Yet the orrelations of Z and W ross
setions with the strangeness PDF, taken on its own, are rather small [see Figs. 8() and (d)℄.
Adjustments in s(x,Q) an be easily ompensated by other quark PDFs without hanging
the physial W and Z ross setions. This extra freedom is absent in the ase of the gluon
PDF, sine it aets all sea PDFs at one through perturbative evolution.
On the other hand, the ratio rZW ≡ σZ/(σW+ +σW−) of the Z0 and W± ross setions is
very sensitive to the unertainty in strangeness. Nominally rZW is an exemplary standard
andle LHC observable beause of the anellation of unertainties inside the ratio. The
CTEQ6.6 predition rZW = 0.100± 0.001 is in an exellent agreement with the preditions
based on the other reent PDF sets. This result an be derived from Eq. (10) by substituting
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Figure 8: (a,b) Correlation osine (cosϕ) between the total ross setions for Z0 andW± prodution
at the Tevatron and PDFs, plotted as a funtion of x for Q = 85 GeV; (,d) the same for the LHC.
the orrelated parameters of the W and Z ross setions in Table 1.
Fig. 9 indiates that rZW is mostly orrelated with the strangeness PDF s(x,Q) in the
region 0.01 < x < 0.05. It is antiorrelated with u
(−)
and d
(−)
at x ∼ 10−3. There is no tangible
orrelation with the gluon, harm, and bottom PDFs.
Sine the strangeness is the least onstrained distribution among the light-quark a-
vors [6, 53, 70℄, it is thus important to orretly model its unertainty to estimate rZW .
CTEQ6.6 is our rst general-purpose PDF set that inludes an independent parametriza-
tion for strangeness. It predits a larger unertainty in s(x,Q) (hene, a larger ∆rZW ) than
the previous PDF analyses, whih artiially linked s(x,Q) to the ombination
(
u¯+ d¯
)
of
the lightest sea quarks.
The inreased frational unertainty ∆rZW/rZW is related to weaker orrelation between
the CTEQ6.6 W and Z ross setions at the LHC. Aording to Eq. (10), ∆rZW/rZW sales
approximately as (1− cosϕ)1/2, given that the W and Z frational unertainties are about
the same (∆σW/σ
0
W ≈ ∆σZ/σ0Z). The value of cosϕ dereases from 0.998 in CTEQ6.1 to
18
10-5 10-4 10-3 0.01 0.02 0.05 0.1 0.2 0.5 0.7
x
-1
-0.5
0
0.5
1
Co
rre
la
tio
n
Correlation between ΣZΣW± HLHCL and fHx,Q=85. GeVL
d
-
u
-
g
u
d
s
c
b
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osine (cosϕ) between the ratio σZ/σW of LHC total ross setions for Z
0
and W± prodution at PDFs of various avors, plotted as a funtion of x for Q = 85 GeV.
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Figure 10: W and Z orrelation ellipses at the LHC obtained in the ts with free and xed
strangeness, as well as with maximal intrinsi harm ontribution.
0.956 in CTEQ6.6, or 0.982 if s(x,Q) is xed during the Hessian analysis at its best-t
CTEQ6.6M shape. As a result of the smaller cosϕ, ∆rZW/rZW inreases threefold in the
CTEQ6.6 predition, even though the frational unertainties ∆σW,Z/σW,Z are redued.
The eentriity of the σZ − σW tolerane ellipse grows with cosϕ, implying a narrow
CTEQ6.1 ellipse and a broader CTEQ6.6 ellipse shown in Fig. 10. The CTEQ6.6 ellipse
narrows if the strangeness parameters are xed at their best-t values as desribed above.
Very dierent values of rZW an be obtained if one allows for the intrinsi harm ontribu-
tion. In Fig. 10, the empty triangles orrespond to the maximal intrinsi harm senarios.
These ross setions lie on the boundary or outside of the CTEQ6.6 tolerane ellipse. They
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Figure 11: (a) CTEQ6.6 W− and W+ prodution ross setions at the LHC ompared with pre-
ditions for other PDF sets; (b) orrelation (cosϕ) between the ratio σW+/σW− of W
+
and W−
total ross setions and valene quark PDFs.
an be potentially ruled out by measuring rZW preisely at the Tevatron, as an be dedued
from Fig. 6(b).
4. W− vs W+ ross setions
The harge dependene of weak boson prodution at the LHC is explored by plotting
W− vs. W+ ross setions in Fig. 11(a). In this ase, the CTEQ6.6 predition agrees well
with the latest MSTW and AMP sets, while more substantial dierenes exist with the
earlier MRST and ZEUS PDF sets. Possible intrinsi harm ontributions (indiated by the
IC-BHPS and IC-Sea points) would inrease both ross setions.
The ross setion ratio σW−/σW+ is most orrelated with the valene u-quark PDF uV =
u − u¯ at Q = 85 GeV, followed by the valene d-quark [f. Fig. 11(b)℄. There is a large
orrelation with uV (x,Q) at x ≈ 0.1 and antiorrelation at x ≈ 0.05. Other PDF avors do
not demonstrate pronouned orrelation with σW−/σW+ and are not shown in the gure.
C. Top-quark prodution and gluon unertainty
The prominent role of gluons in driving the PDF unertainty in many proesses has been
pointed out in the past by notiing that most of the PDF unertainty is often generated by a
ertain PDF eigenvetor sensitive to the gluon parameters. While the abstrat eigenvetors
give largely a qualitative insight, the orrelation analysis relates the PDF unertainty diretly
to parton distributions for physial avors at known (x, µ). We will now apply the orrelation
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tehnique to investigate the unertainties assoiated with gluons and heavy quarks in two
other prominent proesses, prodution of top quark-antiquark pairs and single top quarks.
1. Parametrization of tt¯ and single-t total ross setions
The inlusive rate for prodution of top quark-antiquark pairs, pp
(−) → tt¯X, is measured
with good preision in the Tevatron Run-2, and an even more preise measurement is possible
with the large event yield expeted at the LHC. Suh a measurement an test the PQCD
predition and provide an alternative method to determine the mass of the top quark [71, 72℄.
At leading order, tt¯ pairs are produed via qq¯ sattering (ontributing 85% of the rate at the
Tevatron) and gg sattering (ontributing 90% of the rate at the LHC). At NLO, both the
xed-order [7376℄ and resummed [72, 7788℄ ross setions have been omputed. In this
study, we alulate the NLO tt¯ ross setion using CTEQ6.6 PDFs and the MCFM ode
[3436℄, for three values of the fatorization sale (µ = 0.5mt, mt, and 2mt).
Prodution of single top quarks pp
(−) → t±X [89109℄ provides a unique means to measure
the Wtb oupling with the goal of onstraining new physis [91, 110113℄. It was reently
observed for the rst time by the Tevatron DØ [114℄ and CDF Collaborations [115℄. We will
fous on two single-top prodution hannels, proeeding through t-hannel and s-hannel
exhanges of harged weak (W ) bosons. The t-hannel W exhange involves bottom-quark
sattering qb → q′t and dominates both the Tevatron and LHC rates. The s-hannel W
exhange is similar to onventional W boson prodution, but ours at larger typial x
values (of order mt/
√
s rather than MW/
√
s). It may be observable at the Tevatron, but
has a relatively small event rate at the LHC. We ompute the NLO ross setions for single-
top prodution using the programs from Refs. [103, 104℄ and [105107℄.
For eah sale µ, we parametrize the resulting ross setions in the viinity of the world-
average top mass mt = 171± 1.1(stat)± 1.5(syst) GeV [116℄ by a funtion
σ(mt, µ) = A(µ) +B(µ) (mt − 171) + C(µ) (mt − 171)2 , (11)
where the units of σ and mt are piobarn and GeV. The variation with respet to the
referene ross setion (orresponding to µ = mt) gives the NLO sale dependene ∆µ(mt),
disussed in detail in Setion 4D. The unertainty in σ due to the variation of mt within
the experimentally allowed range gives the mass dependene, denoted by ∆m. We also
alulate the relative PDF unertainties, denoted by ∆PDF (mt). The values of ∆µ, ∆PDF ,
and oeients A, B, C are listed in Table 2. In single-top ross setions, we set C = 0. A
plot of this parametri dependene in tt¯ prodution at the Tevatron and LHC is shown in
Fig. 12. The orrelation osines between tt¯, single-top, W, and Z ross setions are listed in
Tables 1 and 3.
2. PDF-indued orrelations
The PDF dependene of the top-quark ross setions follows a few non-trivial trends,
whih an be understood by studying x-dependent orrelations between the top-quark ross
setions and PDFs presented in Fig. 13. Our disussion will also refer to Tables 1-3.
1. Contrary to the naive expetation, the main PDF unertainty in tt¯ prodution at
the Tevatron is not assoiated with the leading qq¯ sattering hannel. Rather, the
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(a) (b)
Figure 12: CTEQ6.6 preditions for inlusive tt prodution at (a) the Tevatron Run-2 and (b)
the LHC, showing the NLO ross setion in pb versus the top-quark mass mt. The three urves
orrespond to three hoies for the fatorization sale: µ = mt/2, mt, and 2mt. The error bars are
the PDF unertainties. Also shown is the 1σ error range from the 2007 world-average experimental
mt value by the Tevatron Eletroweak Working Group, mt = 171± 1.1 ± 1.5 GeV [116℄.
unertainty is mostly orrelated with the gluon PDF probed at x ≈ 0.3, as learly
shown by the tt¯-PDF orrelations in Fig. 13(a). At suh x values, the quark PDFs are
tightly onstrained, resulting in a small unertainty in the leading qq¯ hannel, while
the gluons are poorly known, resulting in a very large unertainty in the subleading
gg hannel. The net result is a substantial total PDF unertainty, ∆PDF = 7.4%, in
the Tevatron tt¯ ross setion, ontributed mostly by gg sattering. By the momentum
sum rule, the Tevatron tt¯ ross setion is strongly anti-orrelated with gluon sattering
at x ∼ 0.05. It does not exhibit a strong (anti-)orrelation with W or Z prodution at
either ollider, f. Table 1.
2. The Tevatron t-hannel single-top ross setion is mostly orrelated with the b-quark
PDF at x ∼ 0.2, as illustrated by Fig. 13(). It has a substantial PDF unertainty,
∆PDF =10.3%. It is orrelated with the Tevatron tt¯ ross setion (cosϕ = 0.81) and
antiorrelated with Z, W prodution at the LHC (cosϕ = −0.82 and −0.79) through
the shared orrelation with the gluon at large x.
3. At the LHC [Figs. 13(b) and (d)℄, the tt¯ and t-hannel single-top ross setions are
also mostly orrelated with g, c, and b PDFs, whih, however, are well-onstrained
at x ∼ 0.05 and 0.01, typial values in this ase. The PDF unertainty is of order
3% in both proesses. The LHC tt¯ ross setions are antiorrelated with the Z and
W ross setions. The tt¯ − Z and tt¯ −W orrelation osines are large and negative:
cosϕ = −0.8 and −0.74, respetively. The strong antiorrelation reveals itself in the
shape of the tt¯ − Z ellipse, plotted in Fig. 14(a) by using the PDF error parameters
in Table 1. A similar antiorrelation exists between the tt¯ and W ross setions [117℄.
Interestingly enough, the LHC t−hannel single-top ross setion is only mildly anti-
orrelated with tt¯ prodution and mildly orrelated with W and Z prodution [see
Table 3℄, in ontrast to the Tevatron.
4. At both olliders, the s-hannel PDF unertainty is of order 3% and orrelated mostly
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Figure 13: PDF-indued orrelations (cosϕ) between the total ross setions for tt¯ and single-top
prodution, and PDFs of various avors, plotted as a funtion of x for Q = 85 GeV: Tevatron Run-2
(left olumn); LHC (right olumn).
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Figure 14: Correlation ellipse for tt¯ and Z boson NLO total ross setions at the LHC.
with u
(−)
and d
(−)
PDFs [f. Figs. 13(e) and (f)℄, as well as with the Tevatron Z, W
rates. Remarkably, the LHC s-hannel single-top ross setion is not partiularly
orrelated with the LHC W, Z ross setions, despite its similarities with W boson
prodution. This peuliarity is due to large x values (x ∼ mt/
√
s ∼ 0.01) typial
for the s-hannel single-top prodution. At suh x, harm and bottom initial-state
ontributions are relatively small and do not aet single-top prodution as muh
as W boson prodution, hene preventing the gluon-driven PDF unertainty from
ontributing sizably to the s-hannel ross setion.
5. The improved evaluation of heavy-quark terms in the CTEQ6.6 PDFs redues the
Tevatron (LHC) tt¯ ross setions by 4% (3.5%) ompared to CTEQ6.1. The CTEQ6.6
Tevatron t-hannel single-top ross setion is about 6% smaller than the CTEQ6.1 ross
setion. The other three CTEQ6.6 single-top ross setions dier from the CTEQ6.1
ross setions by less than 2%.
D. tt¯ prodution as a standard andle; Higgs boson prodution
To reap the previous setion, at the Tevatron tt¯ prodution is strongly orrelated with
single-top prodution. At the LHC, it is strongly antiorrelated with Z, W prodution.
Preise measurements of tt¯ rates ould provide valuable onstraints on the gluon and heavy-
quark PDFs, if the assoiated theoretial and experimental unertainties are eah redued
below 3−5%. These measurements would help bring down the PDF error in many proesses
and supply an alternative way to monitor the ollider luminosity. If a ross setion is anti-
orrelated with W and Z prodution, it ould be normalized to the tt¯ ross setion. The
PDF error will be suppressed in suh a ross setion ratio, in ontrast to the ratio with the
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W or Z ross setion. Other systemati errors may anel better, too, if the proess shares
ommon elements with tt¯ prodution.
Let us onsider some spei examples. The PDF unertainties for Z, W±, tt¯, and Higgs
boson (h0) prodution via gluon fusion at the LHC, with Higgs mass mh = 500 GeV, are
3.4%, 3.5%, 3.2%, and 4%, respetively. The orrelation osines are 0.956 for Z and W±
ross setions, 0.98 for h0 and tt¯ ross setions, and −0.87 for h0 and Z ross setions.
By Eq. (10) the PDF unertainty on the Z/W±, h0/tt¯, h0/Z ross setion ratios are 1.3%,
1.5%, and 7.2%, i.e., the orrelated ross setions produe ratios with the smallest PDF
unertainties.
The viability of preise tt¯ prodution measurements an be examined by studying the-
oretial unertainties on the tt¯ ross setion presented in Table 2. At present, the sale
dependene ∆µ is larger than the PDF unertainty ∆PDF and top-mass unertainty ∆m at
both olliders, suggesting that higher-order (NNLO) orretions have a tangible impat on
the tt¯ rate.7 The NNLO ontributions will be omputed in the near future [118℄, whih will
likely redue the assoiated unertainty to a few perent.
The top-mass unertainty ∆m an be brought down to 2-3% by measuring mt with a-
uray of order 1 GeV, as planned by the Tevatron experiments. Further advanements an
possibly improve auray in the treatment of heavy-quark mass eets at NNLO to about
a perent level. The urrent (not related to the luminosity) experimental systemati error
for the tt¯ ross setion at the Tevatron is 8% [119℄, with further improvements likely. A
similar systemati error of order 5% may be feasible at the LHC.
The omplementarity of onstraints on Higgs boson searhes from tt¯ prodution at the
LHC and Z boson prodution at the Tevatron and LHC is illustrated by Fig. 15, showing the
orrelation osines (cosϕ) between Higgs, Z, and tt¯ prodution ross setions as a funtion of
Higgs mass. These osines are shown by lines, in addition to separate markers orresponding
to orrelations between W, Z, and top prodution proesses disussed above. The relevant
ross setions are olleted in Table 1 for W, Z, and tt¯ prodution, and in Table 4 for Higgs
prodution proesses.
As disussed earlier, there is a very large orrelation between Z boson, W+ boson, and
W− boson prodution at the LHC, and a strong antiorrelation between Z boson and tt¯
prodution. Only a mild orrelation exists between Z prodution at the Tevatron and Z
prodution at the LHC. There is a moderate orrelation between Z prodution and the
prodution of a light (120 GeV) Higgs boson through gg fusion, but this beomes a strong
antiorrelation as the mass of the Higgs boson inreases, as the gluons are in a similar x
range as those responsible for tt prodution. Assoiated Higgs boson prodution (Wh0) is
strongly orrelated with Z prodution for low Higgs masses but beomes deorrelated for
higher masses.
8
There is only a mild orrelation between the prodution of a Higgs boson
through vetor boson fusion and Z prodution over a wide range of mh.
7
The sale dependene of the NLO tt¯ ross setion may be redued by threshold resummation [72, 82, 83, 88℄,
whih inludes higher-order logarithmi terms that enfore renormalization group invariane. In our study
the sale dependene is viewed as an estimate of all NNLO ontributions, inluding potentially sizable
higher-order terms not assoiated with the threshold logarithms. A more onservative estimate of full
NNLO eets is provided by the sale dependene of the xed-order NLO ross setion (11), rather than
that of the threshold-resummed NLO ross setion.
8
Similarly, Wh0 assoiated prodution (mh < 200 GeV) and Z boson prodution are strongly orrelated
at the Tevatron.
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Figure 15: The orrelation osine cosϕ for Higgs boson searhes at the LHC with respet to Z boson
prodution at the LHC (solid) and Tevatron (dots), and tt¯ prodution at the LHC (dashes), plotted
as a funtion of Higgs mass. Separate markers denote orrelations of W , t-hannel single-top ross
setions at the LHC and Z ross setion at the Tevatron with respet to Z and tt¯ ross setions at
the LHC.
The orrelation urves with respet to tt prodution basially form a mirror image to the
previous urves, sine tt pairs at the LHC are predominantly produed via gg fusion at large
x. Thus, for example, the prodution of a Higgs boson through gg fusion goes from a mild
anti-orrelation with tt¯ for low Higgs masses to a high orrelation for large Higgs masses.
PDF-indued orrelations may follow a dierent pattern in other two-Higgs doublet mod-
els (2HDM). For example, the MSSM Higgs boson prodution cs¯+cb¯→ h+ is not partiularly
orrelated with tt¯ prodution at mh & 500 GeV beause of the unorrelated ontribution
from the anti-strangeness PDF (f. Fig. 15). The cs¯→ h+ hannel is absent in other 2HDM,
suh as the eetive weak-sale 2HDM indued by top-olor dynamis [120℄, where the sat-
tering proeeds entirely via cb¯ → h+ at the Born level. In those models the orrelation of
the tt¯ ross setion with the h+ ross setion is very strong at large mh (cosϕ = 0.98 for
mh = 500 GeV).
Higgs boson prodution at the LHC is aeted by the new features of CTEQ6.6 PDFs in
several ways. Table 5 lists the relative dierene ∆GM ≡ σ6.1/σ6.6−1 between the CTEQ6.1
and CTEQ6.6 ross setions, as well as CTEQ6.6 PDF unertainties ∆PDF for Higgs boson
prodution in a mass range mh = 100 − 800 GeV. In proesses dominated by light-quark
sattering (vetor boson fusion,W±h, Z0h, and Ah±), the most tangible dierenes between
CTEQ6.6 and CTEQ6.1 (ompared to the PDF unertainty) our at mh of order 100 GeV,
where ∆GM is lose in magnitude to ∆PDF , reeting the enhanement in CTEQ6.6 u and d
PDFs at x = 10−3−10−2. In gluon-gluon fusion gg → h, the dierene between CTEQ6.6 and
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6.1 is well within the PDF unertainty (∆GM < ∆PDF ), although ∆GM beomes omparable
to ∆PDF for heavy Higgs masses (mh & 500 GeV). Similarly, ∆GM is smaller than ∆PDF in
heavy-quark sattering cb¯ → h+. The most striking dierenes our in cs¯ → h+, beause
the CTEQ6.1 and CTEQ6.6 strangeness distributions disagree by a large amount in most
of the x range.
5. CONCLUSION
The new CTEQ6.6 global analysis inorporates the latest improvements in the pertur-
bative QCD treatment of s, c, and b quark PDFs introdued in Refs. [57℄. It predits
substantial modiations (omparable to, or exeeding in magnitude the NNLO ontribu-
tions) in high-energy eletroweak preision ross setions. Theoretial improvements of this
kind must be aompanied by the development of eient strategies to understand and
redue the remaining unertainties in the PDF parameters. This work presents a novel or-
relation analysis, a tehnique based on the Hessian method that links the PDF unertainty
in a hadroni ross setion to PDFs for physial parton avors at well-dened (x, µ) values.
We apply the orrelation analysis to reveal and explain several regularities observed in
the PDF dependene, suh as strong sensitivity of W, Z prodution at the LHC and tt¯
prodution at the Tevatron (proesses dominated by qq¯ sattering) to unertainties in the
gluon and heavy-quark PDFs; the leading role played by the strangeness distribution s(x, µ)
in the PDF unertainty of the ratio rZW = σZ/σW of the LHC Z and W ross setions;
and intriguing PDF-indued antiorrelations between the LHC Z, W ross setions and
proesses dominated by large-x gluon-sattering, suh as heavy Higgs boson prodution via
gluon fusion.
In our study we identify pairs of hadroni ross setions with strongly orrelated or
antiorrelated PDF dependene, i.e. with the orrelation osine cosϕ lose to 1 or -1.
Suh pairs are espeially helpful for onstraining the PDF unertainties, in view that a
ombination of the existing CTEQ6.6 and upoming LHC onstraints on one ross setion
in the pair is guaranteed to redue substantially the PDF unertainty on the seond ross
setion [f. the disussion aompanying Eq. (8)℄. In addition, ratios of orrelated (but
not antiorrelated) ross setions have greatly redued PDF unertainty, as follows from
Eq. (10). For this reason, it is beneial to normalize an LHC ross setion to a standard
andle ross setion with whih it has a large PDF-indued orrelation.
We point out a potentially valuable role of preise measurements of tt¯ ross setions at
the Tevatron and LHC for onstraining the gluon PDF at large x and normalizing the LHC
ross setions that are antiorrelated with W and Z boson prodution. If both theoretial
and experimental unertainties on tt¯ ross setions are redued to a level of 3-5%, as may
beome possible in the near future, the tt¯ ross setions would provide an additional standard
andle observable with useful omplementarity to Z and W boson ross setions. These
measurements will be essential for reduing theoretial unertainties in single-top and Higgs
boson prodution, and for onstruting ross setion ratios with small PDF unertainties.
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Table 1: Total ross setions σ, PDF-indued errors ∆σ, and orrelation osines cosϕ for Z0, W±,
and tt¯ prodution at the Tevatron Run-2 (Tev2) and LHC, omputed with CTEQ6.6 PDFs.√
s Sattering σ,∆σ Correlation cosϕ with
(TeV) proess (pb) Z0 (Tev2) W±(Tev2) Z0 (LHC) W± (LHC)
pp¯→ (Z0 → ℓ+ℓ−)X 241(8) 1 0.987 0.23 0.33
1.96 pp¯→ (W± → ℓνℓ)X 2560(40) 0.987 1 0.27 0.37
pp¯→ tt¯X 7.2(5) -0.03 -0.09 -0.52 -0.52
pp→ (Z0 → ℓ+ℓ−)X 2080(70) 0.23 0.27 1 0.956
pp→ (W± → ℓν)X 20880(740) 0.33 0.37 0.956 1
14 pp→ (W+ → ℓ+νℓ)X 12070(410) 0.32 0.36 0.928 0.988
pp→ (W− → ℓ−ν¯ℓ)X 8810(330) 0.33 0.38 0.960 0.981
pp→ tt¯X 860(30) -0.14 -0.13 -0.80 -0.74
Table 2: The tting parameters (A,B,C) for the parametri form (11) of the CTEQ6.6M total
ross setion for inlusive tt¯ and single-top prodution at the Tevatron and LHC, evaluated at NLO
in the QCD oupling strength. Also shown are the relative sale and PDF errors, ∆µ and ∆PDF
at mt = 171 GeV.
pp¯→ TX (√s = 1.96 TeV) pp→ TX (√s = 14 TeV)
Final state Parameter µ =
mt/2
µ = mt
µ =
2mt
µ =
mt/2
µ = mt
µ =
2mt
A [pb℄ 7.546 7.197 6.412 951.2 857.9 761.6
B [pb·GeV−1℄ -0.237 -0.225 -0.201 -26.12 -23.43 -20.81
T = tt¯ C [pb·GeV−2℄ 0.0041 0.0039 0.0034 0.44 0.37 0.33
∆µ(mt = 171) +5% referene −11% +11% referene −11%
∆PDF (mt = 171)
+8.4
−6.4 (7.4)%
+3.3
−3.2 (3.3)%
A [pb℄ 1.96 2.01 2.058 248 248.4 249.1
T = t B [pb·GeV−1℄ -0.034 -0.036 -0.037 -1.93 -2.19 -2.24
(t-hannel) ∆µ(mt = 171) -2.7% referene 2.6% -1.6% referene 2.4%
∆PDF (mt = 171) 10.3% 3.2%
A [pb℄ 1.013 0.967 0.925 11.83 11.710 11.67
T = t B [pb·GeV−1℄ -0.025 -0.024 -0.023 -0.248 -0.247 -0.248
(s-hannel) ∆µ(mt = 171) +5% referene -4% +1.0% referene -0.4%
∆PDF (mt = 171) 3.4% 3.0%
Table 3: Correlation osines cosϕ between single-top, W, Z, and tt¯ ross setions at the Tevatron
Run-2 (Tev2) and LHC, omputed with CTEQ6.6 PDFs.
Single-top Correlation cosϕ with
prodution hannel Z0 (Tev2) W±(Tev2) tt¯ (Tev2) Z0 (LHC) W± (LHC) tt¯ (LHC)
t−hannel (Tev2) -0.18 -0.22 0.81 -0.82 -0.79 0.56
t−hannel (LHC) 0.09 0.14 -0.64 0.56 0.53 -0.42
s−hannel (Tev2) 0.83 0.79 0.18 0.22 0.27 -0.3
s−hannel (LHC) 0.81 0.85 -0.42 0.6 0.68 -0.33
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Table 4: CTEQ6.6M total ross setions σ and PDF errors ∆σ for Higgs boson prodution at√
s = 14 TeV shown in Fig. 15.
Sattering σ and ∆σ (pb)
proess mh = 120 GeV mh = 200 GeV mh = 500 GeV
pp→ (gg → h0)X 33(1) 14.0(4) 4.0(2)
pp→ (bb¯→ h0)X 2750(130) 460(20) 11.0(7)
pp→ (cs¯+ cb¯→ h+)X 16(1) 2.61(14) 0.063(3)
pp→W+h0X 1.15(3) 0.201(6) 0.0062(3)
pp→W−h0X 0.74(2) 0.117(4) 0.00292(16)
pp→ (WW → h0)X 2.80(8) 1.60(5) 0.36(1)
Table 5: Relative dierenes ∆GM ≡ σ6.1/σ6.6 − 1 between CTEQ 6.1 and CTEQ 6.6 ross se-
tions for Higgs boson prodution at the LHC, ompared to the PDF unertainties ∆PDF in these
proesses. The Ah± ross setion is for ombined prodution of positively and negatively harged
Higgs bosons, with mh being the mass of the CP-odd boson (mh = mA), and mh± given by
m2h± = m
2
A +M
2
W .
mh ∆GM(%)|∆PDF (%)
(GeV) VBF Z0h Ah± gg → h cb¯→ h+ cs¯→ h+ cs¯+ cb¯→ h+
100 -3.8 3.1 -3.2 2.7 -3.2 4.3 0.6 4.4 1.5 5.9 -18 10 -8.4 6.9
200 -1.8 2.8 -1.6 2.8 -1.9 4.3 1.7 3.2 2.1 4.7 -16 8 -6.6 5.4
300 -1.6 2.8 -0.6 3 -0.4 5.3 2.3 2.7 1.9 4.3 -14 7 -6.2 4.5
400 -0.1 3.3 0 3.4 0.7 6.6 2.8 3.8 2 4.8 -13 6.3 -5.6 4.4
500 0.2 2.8 0.4 3.7 1.1 7.6 3.3 3.9 2.3 6.1 -12 6.3 -5 5.1
600 -0.7 3.5 0.7 4.1 1.6 9.2 3.8 5.0 2.8 8 -11 6.8 -4.2 6.4
700 0.2 3.0 0.9 4.4 2.1 11 4.3 6.3 3.4 10 -9.9 7.7 -3.4 8
800 2.3 3.5 1 4.8 2.8 13 4.9 7.8 4.1 12 -8.7 9 -2.4 10
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